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using the first and second beamforming weighting vectors,
and allocating a predetermined transmitting power to signals
beamiormed by the first and second beamiorming weighting
vectors.

30 Claims, 3 Drawing Sheets

Receiving Signals

22{)

Generating
Derivative
Receiving Signals

230

Computing

beamforming
weighting vectors

240

Distributing power to
beamformed MIMO

channel

200



US 7,966,043 B2

Sheet 1 of 3

Jun. 21, 2011

U.S. Patent

g UoNE)§ SSIPIIM

1y Jor1d) 1 *OIA

001

Ot 1

V UO1}B)Q SSIA[IIIAN

0¢l



US 7,966,043 B2

Sheet 2 of 3

Jun. 21, 2011

U.S. Patent

¢ I
00C

[puueyd

OINIIA pauiojuwiedq
0) Jomod Sunpnquiysiqg

0¥

$.10)J9A dunysom
SUILIoJUIed(
sunpndwo-)

0t

S[eUSIS SUIAIINY
IANBALI(]
3uIje.1udIn)

0¢¢

S[eudIS SUIAIRINY

01¢



¢ DIAd

00t

US 7,966,043 B2

S[eusIQ SUIAIIINY
JAIIRALIY(]

JO SNLIBIA]
JJUBLIBAO))
B 3)RIIUIN)

Sheet 3 of 3

Jun. 21, 2011

BUUIUY dU()
WO.IJ S[eusl§ SUiAIdINY

U.S. Patent

01t



US 7,966,043 B2

1

METHOD FOR CREATING
MULTIPLE-INPUIT-MULTIPLE-OUTPUT
CHANNEL WITH BEAMFORMING USING
SIGNALS TRANSMITTED FROM SINGLE
TRANSMIT ANTENNA

CROSS REFERENC.

(L]

The present application claims the benefit of U.S. Provi-
sional Application Ser. 60/873,721, which was filed on Dec.

9, 2006.

BACKGROUND

A multiple-input-multiple-output (MIMO) network com-
prises a base transceiver station (B'TS) with multiple antennas
and multiple mobile stations (MS), of which at least one has
multiple antennas. Utilizing a beamforming technique can
enhance the performance of a MIMO network.

In a MIMO network deploying BTS equipped with mul-
tiple antennas, the BTS computes beamiorming weighting,
vectors for an MS using signals transmitted from the MS. The
BTS sends messages to the MS via beamiormed signals gen-
crated with the beamforming weighting vectors. The signals
sent from the multiple antennas on the BTS are weighted
based on phase and magnitude and are coherently combined
at the recerving MS.

(Given that there are M antennas on the BTS and N antennas
on one of the MSs, there will be an MxN MIMO channel
between the BTS and the MS. By applying L beamforming,
welghting vectors to the antennas on the BTS, an LxIN MIMO
channel 1s created between the BTS and the MS. The quality
of the beamiforming weighting vectors 1s crucial to the per-
formance of the LxN MIMO channel.

Several methods utilizing signals transmitted from the MS
antennas have been developed to compute beamiorming
weighting vectors for the BTS. When applied to the multiple
antennas on the BTS, these beamforming weighting vectors
facilitates the increasing of the signal strength.

An often-used method for computing beamiorming
welghting vectors 1s to acquire the primary eigenvector of a
covariance eigenvalue problem that describes the communi-
cation channel. Using this method, signals sent from the
target antenna are regarded as desired signals while those sent
from other antennas are regarded as interference signals.

According to the method described above, an MS equipped
with multiple antennas must transmit signals from each
antenna individually. A BTS detects signals transmitted from
cach antenna individually and separates interference signals
from desired signals.

As a result, the transmitter of the MS must switch among
multiple antennas and transmit signals from one antenna at a
time so that the BTS can receive signals from all MS anten-
nas. This requirement increases the complexity of MS design
and communication protocol significantly. As such what 1s
desired 1s a method and system for creating MIMO channel
with beamforming using signals transmitted from single
transmit antenna on an MS.

SUMMARY

A method 1s provided for generating a beamformed mul-
tiple-input-multiple-output (MIMO) channel. The method
comprises receiving by a first wireless station a first plurality
of signals transmitted from a first antenna on a second wire-
less station, dertving by the first wireless station a second
plurality of signals corresponding to a second antenna on the
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2

second wireless station from the first plurality of signals,
computing first and second beamforming weighting vectors
from the first and second plurality of signals, creating a beam-
tformed MIMO channel between the first and second wireless
stations using the first and second beamiorming weighting,
vectors, and allocating a predetermined transmitting power to
signals beamformed by the first and second beamforming
weighting vectors.

The construction and method of operation of the 1nvention,
however, together with additional objects and advantages
thereot, will be best understood from the following descrip-
tion of specific embodiments when read 1n connection with
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWING

The drawings accompanying and forming part of this
specification are included to depict certain aspects of the
invention. The mvention may be better understood by refer-
ence to one or more of these drawings in combination with the
description presented herein. It should be noted that the fea-
tures 1llustrated in the drawings are not necessarily drawn to
scale.

FIG. 1 illustrates a typical MxN MIMO network compris-
ing two or more wireless stations.

FIG. 2 illustrates a method for creating a beamformed
MIMO channel with power distribution 1n accordance with an
embodiment of the present invention.

FIG. 3 describes a method for generating derivative recerv-
ing signals for the method illustrated 1n FIG. 2.

DESCRIPTION OF EXAMPLE EMBODIMENTS

The following detailed description of the invention refers
to the accompanying drawings. The description includes
exemplary embodiments, not excluding other embodiments,
and changes may be made to the embodiments described
without departing from the spirit and scope of the mvention.
The following detailed description does not limit the mnven-
tion. Instead, the scope of the mvention 1s defined by the
appended claims.

A method 1s provided for creating a multiple-input mul-
tiple-output (MIMO) channel with beamforming 1n a MIMO
network. The beamforming weighting vectors are computed
by partially nulling out interference signals for a mobile sta-
tion (MS) equipped with multiple antennas. Transmission
power of each logical antenna created by applying the beam-
forming weighting vectors to a plurality of antennas on a base
transcerver station (BTS) 1s determined 1n accordance with a
predetermined power distribution method.

FIG. 1 illustrates a typical MxIN MIMO network compris-
ing two or more wireless stations. The first wireless station
110 has M antennas 130, and the second wireless station 120
has N antennas 140.

By applving the method disclosed 1n the present invention,
the MxN MIMO network forms an LxN virtual MIMO chan-
nel. FI1G. 1 shows a MIMO channel of size 2x2 from the first
wireless station 110 to the second wireless station 120. The
MIMO channel of size 2x2 1s formed by applying two beam-
forming weighting vectors to the M antennas 130.

FIG. 2 illustrates a method 200 for creating beamformed
MIMO channel with power distribution in accordance with an
embodiment of the present invention. The method 200 applies
to the MIMO network shown 1n FIG. 1.

The method 200 begins with step 210 where the M anten-
nas on the first wireless station recetve signals transmitted
from a first antenna 1 on the second wireless station. A vector
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of signals transmitted from the antenna 1 on the second wire-
less station to the M antennas on the first wireless station 1s
denoted as S;, where S,=(S;,, S;5, . . ., S;az1) Siap)- The S,
represents signals transmitted from the antenna 1 on the sec-
ond wireless station to an antenna | on the first wireless
station, where 1=1 . . . M.

In step 220, the first wireless station generates derivative
recerving signals, denoted as S, , using receiving signals trans-
mitted from the antenna 1 on the second wireless station. The
vector S, of dervative receiving signals 1s considered as sig-
nals transmitted from an antenna k, where k=(1,N) and k=1,
on the second wireless station. The details of the generating of
derivative recerving signals are described in FIG. 3.

In step 230, the first wireless station calculates a beam-
forming weighting vector for each antenna on the second
wireless station with all S, where t=(1,N). A beamforming,
welghting vector for an antenna t on the second wireless
station, where t=(1,N) 1s represented by W =W _,, W, . ..
W.ar1y W), where Norm(W,)=1. One having skills in the
art would recognize that the Norm(.) represents a vector
norm.

When the first wireless station computes a beamiorming

welghting vector W, for the antenna t, signals transmitted
from the antenna t on the second wireless station to the first
wireless station are regarded as desired signals. By contrast,
signals transmitted from one or more remaining antennas on
the second wireless station to the first wireless station are
regarded as interference signals.

The beamforming weighting vector W, for the antenna t on
the second wireless station 1s the primary eigenvector of the
following matrix: (& *R +0, **I)"'R _*W =A*W, (1), where
R 1s a covariance matrix calculated from interference signals;
an 1s the standard deviation of channel noise; R 1s a covari-
ance matrix calculated from desired signals; I 1s the 1dentity
matrix; A 1s the maximum eigenvalue; and 7, 1s a scaling
factor for partially nulling out interference signals, where
O<a <1.

The scaling factor o, in equation 1 defines the degree of
partial nulling of interference signals. The larger mt, 1s, the less
correlated the signals 1n the beamiormed MIMO channels are
and the smaller the beamtormed gain 1s. The scaling factor o,
can be changed dynamically according to operating condi-
tions.

In step 240, a beamiormed MIMO channel 1s created
between the first and the second wireless stations by applying,
the beamforming weighting vectors to the M antennas on the
first wireless station. The beamforming weighting vectors are
normalized to find a balanced distribution of transmitting
power.

Power 1s distributed according to the following formulas.
Let P denote the total transmitting power. The power allo-
cated to the signals beamiformed with the beamiorming
welghting vector W_1s P =A P, where t=(1,N-1); P 1s the total
transmitting power; and 0=A ==1. The power allocated to
the signal beamforme with the last beamforming weighting,
vector 1s equal to

Py = [1 - E AI]P.

=1

A predetermined number A, 1s a function of receive sensitiv-
ity, signal type, channel conditions and other factors.

The method disclosed 1n the present invention creates a
plurality of beamformed signals that have a certain level of
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de-correlation. Nulling out all interference signals de-corre-
lates signals on the beamformed MIMO channel completely,
which makes the MIMO signal detection trivial for the
receiver ol the wireless station. However, applying such
beamiorming weighting vectors could reduce the gain of
signal strength, and the level of reduction 1s proportional to
the degree of nulling of interference signals.

FIG. 3 described how derivative receiving signals are gen-
erated. In step 310, S_,w denotes a vector of signals transmiut-
ted from an antenna 1 on the second wireless station to the M
antennas on the first wireless station at time instance w, and
S =15 Sy - - S;an1ys Sp) An element (S,)),, represents
signals transmitted from the antenna 1 on the second wireless
station to an antenna j on the first wireless station at time
instance w, where j=1 ... Mand w=1 ... 1. As such, §, , 1s the
vector representing the first set of recerving signals while S, ;
1s the vector representing the last set of receiving signals.

In step 320, a covariance matrix ol derivative receiving
signals S, 1s computed, where k=(1,N) and k=1. There are two
ways 1o generate a covariance matrix of derivative recerving,
signals S,. The first one 1s to use the last set of receiving
signals, denoted as a vector S, ;, to generate a vector of deriva-
tive recerving signals S, . The vector S, 1s generated according
to the following equation: S;=a,; xS, ;3,xV, where o, and [3,
are numbers between 0 and 1; V 1s a randomly generated
vector; and S, ;1s the vector representing the last set ot recerv-
ing signals. A covariance matrix R, of the dertvative receiving
signals 1s computed according to the following equation:
R,=(S,)”S,., where (.. .)" is a Hermitian operator.

The second way to generate a covariance matrix of deriva-
tive receiving signals S, 1s to use all recerving signals S,
where w=1 . . .1, to generate a covariance matrix of derivative
receiving signals. A covariance matrix R, of derivative receiv-
ing signals k 1s computed according to the following equa-
tion:

{
Re= ) i(Si) i + BOVIV,

w=1

where S, |, 1s a vector of signals transmitted from an antenna
1 on the second wireless station to the M antennas on the first
wireless station at time instance w; ( . .. )” is a Hermitian
transpose operator; and V 1s a randomly generated vector.
Coetficients a, ,, and b are predetermined numbers between O
and 1. The coellicients change dynamically according to pre-
determined channel conditions.

The above illustration provides many different embodi-
ments or embodiments for implementing different features of
the invention. Specific embodiments of components and pro-
cesses are described to help clanty the invention. These are,
of course, merely embodiments and are not intended to limat
the invention from that described in the claims.

Although the invention 1s 1llustrated and described herein
as embodied 1n one or more specific examples, 1t 1s neverthe-
less not intended to be limited to the details shown, since
various modifications and structural changes may be made
therein without departing from the spirit of the invention and
within the scope and range of equivalents of the claims.
Accordingly, 1t 1s appropnate that the appended claims be
construed broadly and 1n a manner consistent with the scope
of the mvention, as set forth 1n the following claims.
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What 1s claimed 1s:

1. A method comprising:

receiving at a plurality of antennas of a first wireless station

a first plurality of signals transmitted from only a first
antenna of a second wireless station;

at the first wireless station, deriving from the first plurality

of signals a second plurality of signals representative of
signals transmitted only by a second antenna of the
second wireless station;
computing {irst and second beamiorming weighting vec-
tors with respect to the first and second antennas, respec-
tively, of the second wireless station, based on the first
plurality of signals and second plurality of signals;

applying the first and second beamforming weighting vec-
tors to signals to be transmitted via the plurality of anten-
nas of the first wireless station to the second wireless
station thereby creating a beamformed multiple-input
multiple-output (MIMO) channel between the first and
second wireless stations; and

allocating transmitting power to the signals beamformed

by the first and second beamforming weight vectors.

2. The method of claim 1, wherein the first plurality of
signals comprises data signals and sounding signals.

3. The method of claim 1, wherein receiving the first plu-
rality of signals comprises recerving at the plurality of anten-
nas of the first wireless station the first plurality of signals
transmitted from only the first antenna of the second wireless
station at a plurality of time 1nstances, and wherein deriving
comprises dertving the second plurality of signals from the
first plurality of signals transmitted at one or more of the
plurality of time 1nstances.

4. The method of claim 3, wherein deriving the second
plurality of signals comprises generating the second plurality
of signals according to the equation: S;=o, xS, +p;xV, where
a., and 3, are predetermined numbers; V 1s a randomly gen-
erated vector; and S, ; 1s a vector representing the signals
transmitted from the first antenna on the second wireless
station at a last time 1nstance.

5. The method of claim 4, wherein values for o, and the 3,
are between 0 and 1.

6. The method of claim 3, wherein computing the first and
second beamforming weighting vectors comprises:

calculating a covariance matrix from the first plurality of

signals transmaitted from the first antenna on the second
wireless station and received at the plurality of antennas
of the first wireless station;

computing covariance matrices from the second plurality

of signals; and

computing two or more primary eigenvectors of the matri-

ces:(o.,*R +0 **I)"'R_*W =A*W , where t=(1, N); R, is
a covariance matrix calculated from interference signals
corresponding to signals transmitted from antennas
other than the first antenna of the second wireless sta-
tion; 0, 1s the standard deviation of channel noise; R 1s
a covariance matrix calculated from desired signals cor-
responding to signals transmitted from the first antenna
of the second wireless station; I 1s the identity matrix; A
1s a maximum eigenvalue; and o, 1s a scaling factor,
wherein each of two or more primary eigenvectors cor-
responds to a beamiforming weighting vector with
respect to an antenna of the second wireless station.

7. The method of claim 6, wherein computing the covari-
ance matrices for the second plurality of signals 1s based on
the equation: R,=(S,)”S, where ( .. .)” is a Hermitian trans-
pose operator and S, represents the second plurality of signals
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6

derived from vector representing the first plurality of signals
transmitted only from the first antenna of the second wireless
station at a last time instance.

8. The method of claim 6, wherein computing covariance
matrices from the second plurality of signals based on the
equation:

{
Re= ) i (Siw) Sipw + b)Y,

w=1

where S, | 1s a vector ot signals transmitted from antenna 1 of
the second wireless station to M antennas of the first wireless
station at time instance w; ( . . . )" is a Hermitian operator; V
1s a randomly generated vector; and

coetficients a, ,, and b are predetermined numbers.

9. The method of claim 8, wherein the values of coefficients
a, ,, and b are between 0 and 1.

10. The method of claim 8, and further comprising chang-
ing the coetficients a;_, and b dynamically according to chan-
nel conditions.

11. The method of claim 6, wherein the scaling factor c.,
defines a degree of nulling of the interference signals.

12. The method of claim 1, wherein allocating transmitting
power comprises allocating transmitting power based on the
formula: P=A P, where P denotes the total transmitting
power; P.1s power allocated to a signal beamformed by beam-
forming weighting vector W ,; where t 1s an 1ndex of beam-
forming weighting vectors; and A 1s a predetermined number.

13. The method of claim 12, wherein allocating comprises
allocating the transmitting power to a signal beamformed by
a last beamforming weighting vector based on the following
formula:

AN—1
Py = [1 — Z AF]P,

=

where N 1s the number of beamforming weighting vectors.
14. The method of claim 12, wherein the predetermined

number A, 1s based on recerve sensitivity, signal type, and
channel conditions.
15. The method of claim 12, wherein the predetermined
number A, 1s between O and 1.
16. A method comprising:
recerving at a plurality of antennas of a first wireless station
a first plurality of signals comprising data signals and
sounding signals transmitted from only a first antenna of
a second wireless station at a plurality of time 1nstances;
at the first wireless station, deriving from the plurality of
time 1nstances of the first plurality of signals a second
plurality of signals, representative of signals transmitted
only by a second antenna of the second wireless station;
computing first and second beamiorming weighting vec-
tors with respect to the first and second antennas, respec-
tively, of the second wireless station, based on the first
plurality of signals and second plurality of signals;
applying the first and second beamiorming weighting vec-
tors to signals to be transmitted via the plurality of anten-
nas of the first wireless station to the second wireless

station thereby creating a beamformed multiple-input
multiple-output (MIMO) channel between the first and
second wireless stations; and
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allocating transmitting power to the signals beamformed
by the first and second beamforming weight vectors.

17. The method of claim 16, wherein computing the first
and second beamforming weighting vectors comprises:

calculating a covariance matrix from the first plurality of
signals transmitted from only the first antenna on the
second wireless station and received at the plurality of
antennas of the first wireless station:

computing covariance matrices from the second plurality
of signals; and

computing two or more primary eigenvectors of the matri-
ces: (0, R +0, **I) 'R _*W,=A*W , where t=(1, N); R, is
a covariance matrix calculated from interference signals
corresponding to signals transmitted from antennas
other than the first antenna of the second wireless sta-
tion; o, 1s the standard deviation of channel noise; R _ 1s
a covariance matrix calculated from desired signals cor-
responding to signals transmitted from the first antenna
of the second wireless station; I 1s the identity matrix; A
1s a maximum eigenvalue; and o, 1s a scaling factor,
wherein each of two or more primary eigenvectors cor-
responds to a beamiforming weighting vector with
respect to an antenna of the second wireless station.

18. The method of claim 17, wherein deriving the second
plurality of signals comprises generating the second plurality
of signals according to the equation: S;=a; xS, +[3;xV, where
a., and [3, are predetermined numbers; V 1s a randomly gen-
erated vector; and S, ; 1s a vector representing the signals
transmitted only from the first antenna on the second wireless
station at a last time 1nstance.

19. The method of claim 18, wherein values for o, and {3,
are between O and 1.

20. The method of claim 17, wherein computing the cova-
riance matrices for the second plurality of signals 1s based on
the equation: R, =(S,)”’S, where ( .. .)” is a Hermitian trans-
pose operator and S, represents the second plurality of signals

derived from the vector representing the first plurality of

signals transmitted only from the first antenna of the second
wireless station at a last time 1nstance.

21. The method of claim 17, wherein computing covari-
ance matrices from the second plurality of signals 1s based on
the equation:
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Re = ) ip(Si) Sipw + b)Y,

w=1

where S, |, 1s a vector of signals transmitted only from an
antenna 1 of the second wireless station to M antennas of the
first wireless station at time instance w; (. .. )™ is a Hermitian
operator; V 1s a randomly generated vector; and

coetficients a, ,, and b are predetermined numbers.

22. The method of claim 21, wherein values of the coetfi-
cients a, ,,, and b are between 0 and 1.

23. The method of claim 21, and further comprising chang-
ing the coetficients a;_,, and b dynamically according to chan-
nel conditions.

24. The method of claim 17, wherein the scaling factor a,
defines a degree of nulling of the interference signals.

25. The method of claim 17, wherein allocating transmit-
ting power comprises allocating transmitting power based on
the formula: P=A P, where P denotes the total transmitting
power; P, 1s power allocated to a signal beamformed by beam-
forming weighting vector W ,; where t 1s an index of beam-
forming weighting vectors; and A 1s a predetermined number.

26. The method of claim 25, wherein allocating comprises
allocating the transmaitting power to a signal beamformed by
a last beamforming weighting vector based on the formula:

N—1
Py = [1 — Z AI]P,

=1

where N 1s the number of beamforming weighting vectors.

277. The method of claim 25, wherein the predetermined
number A, 1s based on recerve sensitivity, signal type, and
channel conditions.

28. The method of claim 25, wherein the predetermined
number A, 1s between 0 and 1.

29. The method of claim 1, wherein deriving comprises
deriving the second plurality of signals that are representative
of, but not actual, signals transmitted only from the second
antenna of the second wireless station.

30. The method of claim 16, wherein deriving comprises
deriving the second plurality of signals that are representative
of, but not actual, signals transmitted only from the second
antenna of the second wireless station.
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